The stability of DNA/chitosan complexes upon exposure to hyaluronic acid, chondroitin sulfate, and heparin, was assessed by fluorescence spectroscopy to quantify DNA release. Only the highly charged heparin was found to release DNA from the complexes. Complex stability upon exposure to heparin increased with the degree of deacetylation and molecular weight of chitosan and with the ratio of chitosan amino groups to DNA phosphate groups (N/P ratio) in the complexes. Isothermal titration microcalorimetry revealed that among polyanions tested, only heparin has a binding affinity to chitosan approaching that of DNA and can therefore release DNA from the complexes. These results also indicate that anionic components with sufficiently high charge density can induce extracellular or intracellular release of DNA, the former negatively affecting delivery efficiency while the latter is required for gene transfer to occur. Our findings also suggest that increased N:P ratio of the complexes can play an important role in preventing premature dissociation of DNA/polycation complexes upon interaction with anionic components in extracellular milieu.
Introduction
Significant progress has been made in understanding the formation of polyelectrolyte complexes of cationic polymers and nucleic acids (NA), their internalization into the cells and subsequent trafficking. It is commonly accepted that NA/polycation complexes are taken up by cells via endocytosis but further stages of their endosomal release into the cytoplasm, their transport to the nucleus, and the release of the genes for their expression are less well understood. One mechanism of endosomal release of the complexes into the cytoplasm is based on the proton sponge hypothesis [1, 2] . Published studies have demonstrated that several cationic polymers, such as the widely used polyethyleneimine (PEI), [3] [4] [5] dendrimers, [6] and chitosan, [7] have the ability to buffer endosomal acidification causing an accumulation of protons and an influx of chloride anions, resulting in an increase of osmotic pressure with entry of water and thereby the disruption of the endosome. It is worth mentioning that membrane destabilization by free polycation has been proposed as another mechanism that could also contribute to endosomal release of the highly charged PEI [8] [9] [10] [11] .
For efficient in vitro and in vivo transfection, an excess of polycation is often used to formulate with DNA, such that the molar ratio of polycation protonable amino groups to DNA phosphate groups (N/P ratio) is usually higher than 3. Under such conditions, data obtained from recent studies characterizing PEI or chitosan-based formulations using different analytical techniques revealed that more than 50% of the polycation remains free in solution, unbound to DNA [12] [13] [14] [15] [16] [17] . The presence of free polycation in DNA/chitosan complexes dispersions has been shown to be required to mediate efficient transfection as it facilitates lysosomal escape [18] . This finding is supported by theoretical calculations that predicted that DNA/polycation complexes alone cannot trigger their endosomal escape through the proton sponge mechanism without a sufficiently high content of free polycation inside the endosome [3] .
Once outside the endosome, DNA has to dissociate from the polycation and be transported into the nucleus for transcription. The intracellular DNA unpackaging from its vector has been demonstrated to be a limiting factor for efficient gene expression in non-viral systems [19] . In line with this finding, the acetylation of PEI was seen to decrease DNA-polycation binding, leading to more facile unpackaging of the complexes [20] . Gene expression levels were decreased or inhibited when DNA was either tightly or loosely bound to the polycation, such as PEI [20] [21] [22] [23] and chitosan [24] [25] [26] [27] .
Tightly bound and highly stable complexes will be readily endocytosed but possibly not disassembled to access the transcription machinery. On the other hand, DNA weakly bound to the polycation forms complexes that will dissociate prematurely in the medium and not even be endocytosed into cells. Effective gene delivery has been related to an appropriate balance between the DNA-polycation binding strength and the ability to dissociate intracellularly for gene expression [25, 26, [28] [29] [30] .
Gene delivery can be affected by non-specific interactions of DNA/polycation complexes with anionic biological components, including serum proteins, cytoplasmic RNA and glycoaminoglycans.
Being present in the cytoplasm at high concentrations and structurally similar to DNA, RNA was found to induce DNA dissociation from polyamine gene vectors preferentially in the cytoplasm prior to enter the nucleus for gene expression [30] . Glycosaminoglycans, such as hyaluronic acid (HA), chondroitin sulfate (CS), and heparin (Hp), are linear negatively charged polymers of repeating disaccharides that are found abundantly in the extracellular matrix, intracellulary, and on the plasma membrane associated with cell surface receptors and adhesion molecules [31] . They can destabilize the DNA/polycation complexes by competing with DNA for binding to the polycation, resulting in the dissociation of the complexes and premature release of DNA extracellularly [32] . Labeled heparin sulfate was found previously to decrease cellular uptake and gene expression of DNA/PEI complexes, and was mostly bound to the polycation inside the cells as detected by confocal microscopy [33] . However, the binding of HA [22, [34] [35] [36] [37] and CS [38] to positively charged DNA/polycation complexes was recently found to mediate gene delivery without disrupting the complexes. Ternary complexes resulted from the coating approach aim at protecting the complexes from non-specific interactions with serum proteins and loosening the tight binding between DNA and the polycation to facilitate intracellular unpackaging. These polysaccharides were also recently found to enhance the preservation of DNA/PEI [39] and DNA/chitosan [40] complexes after freezedrying without adding lyoprotectants. Nevertheless, the stability of DNA/polycation complexes in the presence of serum proteins and competing polyanions, such as HA and heparin, has been commonly assessed by gel electrophoresis to detect released DNA [26, 41, 42] . In the majority of cases, only the highly charged heparin was able to dissociate the complexes. Fluorescence spectrophotometry together with ethidium bromide as a probe for DNA was also used to investigate the formation of DNA/polycation complexes [43] [44] [45] [46] and their dissociation by competing polyanions [32, 47] . Yet, the majority of studies on the stability of polymeric DNA complexes in the presence of biological polyanions were descriptive and provided little if any quantitative information about the release of DNA as well as the polycation binding affinity with DNA and with the competing polyanions.
We report here the stability behavior of DNA/chitosan complexes upon exposure to biological polyanions using fluorescence spectrophotometry. Chitosan was selected as the polycation because it is the most frequently used natural polymer for the delivery of nucleic acid [48] . The biological polyanions used to compete with DNA for binding to chitosan include HA, CS, and Hp, which differ in sulfate content and charge density. Isothermal titration microcalorimetry (ITC) was used to study the interaction of chitosan with DNA and with each competing polyanion. The binding constants of the binary systems determined from ITC measurements were then compared and correlated with the ability of the competing polyanions to disrupt DNA/chitosan complexes. The unbound or released DNA was quantified using fluorescence spectrophotometry and Picogreen which is a cyanine dye that preferentially binds to double stranded DNA. The effect of chitosan structural parameters on the stability of these complexes was assessed, including the chitosan molecular weight and the degree of deacetylation (DDA) which directly controls charge density. These parameters are known to influence the binding affinity of chitosan with DNA [28] and the transfection efficiency of the complexes. [24-26, 49, 50] . We also examined the effect of increasing the free chitosan content on the stability the complexes by varying the chitosan amino groups to DNA phosphate groups (N/P) ratio used in the formulations.
pipetting of the dispersions. Samples were allowed to incubate at room temperature 30 min before analysis. buffer before analysis. We used 96-well black plates (Fisher, no.CS003915) for this assay and added 30 µL of sample per well. We then added 70 µL of competing polyanion solution at a concentration of 5 or 24 µg/mL prepared by diluting the stock solution (1 mg/mL) in 25mM MES buffer adjusted to pH 6.5. For the controls without the competing polyanion, 70 µL of the MES buffer was added to the wells. The mixing was done on a rocking agitation table for 60 min at 150 rpm. Picogreen, a cyanine that preferentially binds to double stranded DNA through intercalation between the base pairs [54, 55] , was then used to quantify the free or released DNA before and after exposure to the competing polyanions. It is worth mentioning that Picogreen has an absorption coefficient about 12fold greater compared to ethidium bromide [56, 57] and has previously shown to be more sensitive in the quantification of released DNA from gene delivery systems [58] . Northampton, MA). The isotherms were fit as previously described [28] 
From the heat changes (Q) detected by the instrument, we determined the binding affinity, K, the enthalpy of binding, H, and the number of binding sites for chitosan, n. These parameters are reported as the mean of two measurements with error bars representing the minimum and maximum. The ability of these competing polyanions to destabilize and dissociate the DNA/chitosan complexes was assessed by detecting and quantifying free or released DNA using Picogreen. Taking into account that a molecule of Picogreen can occupy nearly 5 DNA base pairs, i.e. 1.7 nm of length, [54] we assumed that detection is only possible for completely free DNA and partially bound DNA exposing free segments with sufficient length to allow Picogreen intercalation. We first (Figure 3) . The relative fluorescence intensity of the dye reached an almost constant value of 5% in the dispersions with N/P ratios above 1.5 (Figure 2) , where DNA was fully complexed with chitosan as confirmed by the positive zeta potentials (Figure 3) . This residual fluorescence intensity of bound Picogreen, although negligible, may result from some limited access of Picogreen to DNA inside the complexes. The initially prepared dispersions of DNA/chitosan (80% DDA, 76 kDa) complexes were then exposed to 1.8 µg/mL of either HA1, CS, or Hp. At this concentration, the amount of negative charge of the competing polyanion was always in excess compared to that of DNA phosphate groups in the samples. These polyanions at the range of concentrations tested in this study did not interfere in the detection and quantification of free DNA by Picogreen, in agreement with a previous report [56] . form complexes with DNA [32] . The exposure of DNA/chitosan complexes to CS resulted in a slight but not significant increase of the fluorescence intensity of bound Picogreen, compared to the controls in the range of N/P ratios between 2 and 4 (Figure 2) . We did not detect further release of DNA from these complexes upon increasing the amount of competing CS (data not shown). Similar results in the presence of HA1 or CS were found when complexes were prepared with a chitosan of 80% DDA and a Mn of 11 kDa (data not shown). In contrast to the competition with HA and CS, exposure of DNA/chitosan complexes to 1.8 g/mL of Hp resulted in significant destabilization, as indicated by the increased fluorescence intensities relative to the controls (Figure 2) . The destabilization of the complexes was even observed in the dispersion with an N/P ratio of 0.5 where the DNA/chitosan complexes were negatively charged with a zeta potential of -33 (±2) mV (Figure   3 ). The charge repulsion by a negative zeta potential did not prevent Hp from disrupting the complexes and consequently releasing DNA in solution for binding with the dye. However, not all DNA was released. These observations suggest strong competition between Hp and DNA for binding to chitosan as well as strong binding affinities of chitosan with both DNA and Hp.
The ability of competing polyanions to destabilize the DNA/chitosan complexes appears related to their negative charge density, or equivalently the number of charge groups per dissaccharide, as suggested in previous studies on polymeric and liposomal based gene delivery systems [32, 33, 66, 67] . HA did not destabilize the DNA/chitosan complexes most probably due to its low negative charge density with only one carboxyl group per disaccharide unit. The additional sulfate group on the disaccharide unit of CS compared to HA had a slight effect on DNA release while only heparin with 2 sulfate and 1 carboxyl group per disaccharide was able to significantly compete with DNA for binding to chitosan resulting in the disruption of the complexes.
Binding Affinity Between Chitosan and Different Polyanions. The competition binding assay
using Picogreen to detect released DNA from chitosan binding in the complexes does not provide a direct measurement of the binding affinity between oppositely charged polyelectrolytes, but rather information about the stability of the complexes against competition with polyanions. We did however determine binding constants using isothermal titration microcalorimetry (ITC) for chitosan interacting with different polyanions, including DNA, Hp, CS, and HA2. We used a chitosan with a DDA of 80% and a Mn of 11 kDa for ITC measurements. The isotherms are presented in Figure 4 showing Table 2 . The degree of ionization of chitosan in the unbound state was 46% in the MES buffer at pH 6.5 with a total ionic strength of 150 mM, calculated as previously described [28, 68] . However, we have demonstrated in a previous study that DNA induces proton transfer from the buffer to chitosan, as revealed by the dependence of the measured heat release on the nature of the buffer [28] . The observed enthalpy of binding (Hobs) was found in that study to be almost entirely accounted for by the heats associated with proton transfer. Therefore, the values of Hobs determined here for the interactions of chitosan-DNA, chitosan-Hp, and chitosan-CS are not necessarily the intrinsic enthalpy of binding because they can contain contributions from the ionization changes of the buffer and of chitosan. The ionization state of chitosan can be increased to a greater extent in the complexed form because of proton transfer. The use of buffers with different enthalpy of ionization is required for the determination of the number of transferred protons [28, 69] which was not within the scope of this study. In contrast to Hobs, the binding constant and the stoichiometry of binding are parameters found to be independent of buffer choice [28, 70] . The binding constant between 4 . This value is about 40-fold higher than the binding constant obtained for chitosan-CS, which explains the observed inability of CS to disrupt the DNA/chitosan complexes. On the other hand, heparin was able to disrupt the DNA/chitosan complexes and release DNA into solution because the binding affinities of chitosan-Hp and chitosan-DNA are similar; the latter value being only 2-fold higher. This finding suggests that any extracellular and intracellular components with similar or higher binding affinities for chitosan could disrupt the DNA/chitosan complexes. Such components can include cellular RNA which is structurally similar to DNA and present in the cytoplasm at high concentrations. RNA was found to induce DNA dissociation from PEI [41] and polyamine gene vectors [30] and was suggested to be involved in the intracellular disassembly of these complexes prior to enter the nucleus for gene expression.
The negligible heat changes detected during titrations of chitosan into a solution of HA2 (Figure   4 ) suggest that this low charge density polyanion, compared to DNA and Hp, did not bind to chitosan to induce proton transfer from the buffer to chitosan under conditions of pH 6.5 and total ionic strength of 150 mM. Since binding is electrostatically driven, we increased it by decreasing the ionic strength to 18 mM and carrying out ITC measurements. The heat changes at 18mM ionic strength were significantly higher (Figure 5) , than at an ionic strength of 150 mM which screened electrostatic attraction between the oppositely charged polyelectrolytes. In both ionic strengths, we cannot exclude possible interactions between chitosan and HA, that are athermal and thereby not detectable by ITC, since negligible heat changes have been previously reported for fully ionized oppositely charged polyelectrolytes undergoing complexation [28, 45] . (Figure 5 and Table 2 ) indicating a weak ability of HA to compete with DNA for chitosan binding, in agreement with results obtained from the competition binding assay using Picogreen. 1.0 ± 0.0 0.98 ± 0.00 -91 ± 0 1 ± 0 a The number of moles of binding sites for chitosan on each mole of polyanion. b The ratio of glucosamine to anion groups in the complex when all binding sites are occupied at saturation (calculated from n). The parameters n, Hobs and Kobs were determined from the SSIS model fit using the molar concentration of chitosan and polyanion as the binding entities and not their glucosamine and anions groups. Means are shown with error representing minimum and maximum of duplicates. increases the charge density along the molecular chain of chitosan, which was previously found to enhance the binding affinity for DNA by ITC [28] and ethidium bromide displacement assay [46] .
The effect of DDA on the stability of DNA/chitosan complexes upon exposure to heparin was assessed using Picogreen for detection of DNA release. Dispersions of DNA/chitosan complexes were prepared at different N/P ratios using chitosans having a similar Mn of ~ 80 kDa but different DDA values ranging from 72% to 98%. These complexes were then exposed to increasing concentrations of Hp from 0 to 8.4 µg/mL. The fluorescence intensities of these samples measured after addition of Picogreen are shown in Figure 6 A, B , and C. The exposure of the complexes to 1.8 g/mL of Hp clearly destabilized the complexes and released DNA to an extent dependent on DDA and N/P ratio. Increasing the chitosan DDA from 72% to 80% did not significantly improve the stability of the complexes against disruption by Hp at this concentration since similar amounts of DNA released from the complexes were bound to Picogreen. However, the chitosan of 98% DDA clearly renders the complexes more stable and less vulnerable to the dissociation by heparin. The ability to resist dissociation by Hp is an indication of stronger binding between DNA and chitosan of 98% DDA. These observations are in agreement with our previous study in which the binding constant determined for chitosan-DNA did not change significantly as the DDA increased from 72%
to 80% but increased almost 3-fold with a DDA of 98% [28] .
Heparin also destabilized the DNA complexes prepared with chitosans having a constant DDA of 80% but different Mn values, as shown in Figure 7 A, B , and C. However, the ability of these complexes to resist dissociation by heparin was enhanced with increasing chitosan molecular weight from 11 to 153 kDa. Similar findings were previously reported using also heparin to disrupt DNA complexes prepared with fully deacetylated chitosans of different molecular weights [32] . This increased stability is attributed to the higher affinity of DNA for binding to longer chitosans as previously demonstrated by ITC [28] . for gene expression. The level of gene expression was previously found to decrease substantially when the chitosan DDA increased from 80% to 98% with similar Mn of about 80 kDa [25] However, the decrease of the DDA from 90% to 70% and 62% of a chitosan of 390 kDa resulted also in reduced gene expression levels, which were attributed to the observed destabilization of DNA/chitosan complexes by serum proteins when the DDA was lower than 90% [71] . Chitosans with DDA values > 90% combined with high molecular weights (> 100 kDa) [24] [25] [26] showed poor transfection efficacy. These formulations that were found to be highly stable against disruption by heparin [26, 32] resulted also in slow increases of gene expression with time, suggesting slow and inefficient release of DNA from the complexes once inside the cells [26] . On the other hand, complexes formed with chitosans of too low molecular weights (< 5 kDa) were found to dissociate prematurely in transfection medium as determined by gel electrophoresis and resulted in both low cellular uptake and low efficacy of transfection [26] . The release of DNA found in our study, which was induced by addition of heparin, is consistent with these previous findings relating transfection efficiency to DDA and Mn via stability arguments. A balance between complex stability and protection of DNA but retaining the ability to dissociate inside the cell must be achieved for efficient gene delivery, as previously found via observation of the coupling of either low Mn with high DDA or high Mn with low DDA values of chitosans [25] . Results published by other groups suggesting that this balance of stability could also be achieved by modification of polycations, such as chitosan [26] and PEI, [20] with uncharged groups to lower the binding affinity to DNA.
Role of Free Chitosan in Dispersions of DNA/Chitosan Complexes Exposed to Competing
Polyanions. The amount of DNA released upon disruption of the DNA/chitosan complexes by heparin was dependent on the N/P ratio used to prepare the dispersions (Figure 6 B and C; Figure 7 B and C). The drop of the fluorescence intensity observed for formulations prepared at an N/P ratio of 1, and followed by a sudden increase in intensity at an N/P ratio of 1.5, was probably due to precipitation of most DNA/chitosan complexes formed near the point of charge neutralization prior to addition of Hp. Near the point of neutralization (N/P  1), lower amounts of chitosan and DNA were consequently available in solution for the competition binding with Hp, in comparison to the dispersions with an excess of DNA (N/P < 1) or chitosan (N/P >1) that generate sufficiently charged complexes to prevent precipitation (Figure 3) . For the dispersions exposed to 1.8 µg/mL of Hp (Figure 6 B; Figure 7 B), the fluorescence intensity reached its highest value at N/P = 1.5 and decreased with higher chitosan content until reaching values comparable with those measured for the samples without addition of heparin at N/P ratios above 6. Dispersions of DNA/polycation complexes prepared under similar conditions were found to contain a significant amount of free polycation in solution [13] [14] [15] [16] . Free chitosan was eventually detected in our dispersions with N/P ratios at above 5 from analysis by polyacrylamide gel electrophoresis coupled with Coomassie blue staining (Figure 8) . This finding together with the negligible amounts of DNA released from the complexes at N/P ratios above 6 suggests that sufficient amounts of chitosan were available for binding to both DNA and heparin ( To further explore the role of free chitosan content in dispersions of DNA/chitosan complexes, we quantified free chitosan content by subjecting the samples to the depletion method with the Orange II dye. The free chitosan contents presented in Figure 9 A were determined for dispersions of DNA/chitosan (80% DDA, 76 kDa) complexes after dilution with either deionized water or MES buffer at pH 6.5 (total ionic strength of 150 mM). The dilution of the dispersions with water enabled the quantification of free chitosan under conditions that do not alter the physical properties of the DNA/chitosan complexes initially formed in a solution pH of 4.0-5.5. Under such conditions, the free chitosan content increased from 40% to 85% as the N/P ratio increased from 2 to 10 in the dispersions. These free chitosan contents are consistent with those previously determined by asymmetrical flow field-flow fractionation (AF4) [12, 13] . Compared to the dispersions diluted with water, the dilution of the same dispersions but with the MES buffer yielded lower fractions of free chitosan ranging from 26% to 76% as the N/P ratio increased from 2 to 10, indicating further incorporation of chitosan into the initially formed complexes due to partial neutralization of chitosan at the higher pH of 6.5. Based on free chitosan content, we calculated the N/P ratio of the complexes themselves using and found ranges of N/P of 1.3-1.5 in the dispersions diluted with water and 2.0-2.5 in MES buffer at pH 6.5. These values were essentially independent of the N/P ratio used to prepare the dispersions in the range of 3 to 10 (Figure 9 B) . Therefore, the dispersions with an N/P ratio of 6 contained about 60% of free chitosan in the MES buffer (Figure 9 A) . This fraction of free chitosan protected against the disruption of the DNA/chitosan complexes by heparin (Figure 6 B;   Figure 7 B) since the amount of free chitosan was sufficient to accommodate the binding of 1.8 µg/mL of Hp (corresponding to an amount of negative charges that was 3-fold higher than the DNA charges in the samples). However, the free chitosan content was not sufficient when the dispersions were exposed to 8.3 µg/mL of Hp (Figure 6 C; Figure 7 C). To prevent the dissociation of the complexes by Hp at this concentration, the N/P ratio in the formulations must be increased substantially to increase the concentration of free polycation in the dispersions, beyond the maximal N/P of 10 used in this study. Although using higher concentration of free polycation would stabilize complexes against a large excess of competing polyanions, it was found that there is an optimal N/P ratio value beyond which cellular uptake of the complexes and gene expression levels decrease [16, 26] . We demonstrated here that the free polycation may beneficially prevent premature dissociation of the complexes by competing polyanions but, on the other hand, it may reduce biological effectiveness if in great excess [16, 26] . 
Conclusions
We have examined the ability of biological polyanions to disrupt DNA/chitosan complexes and related this to their binding affinity to chitosan. The inability of hyaluronic acid and chondroitin sulfate to destabilize DNA/chitosan complexes is attributed to their substantially lower binding constants with chitosan compared to the chitosan-DNA binding constant as determined by ITC.
Among the competing polyanions investigated here, only heparin with the highest charge density has a binding affinity with chitosan that is comparable to that of DNA. Heparin was able to displace DNA to an extent that was dependent on the concentration of heparin and on the N/P ratio in the dispersions. The higher stability of DNA/chitosan complexes with higher N/P ratios when exposed to heparin was due to the presence of free chitosan binding to added heparin. We found that heparin first binds to free chitosan without disrupting the DNA/chitosan complexes and once the free chitosan component is saturated with heparin, further addition releases DNA from the complexes through competitive binding to chitosan. This finding suggests that free polycation can prevent premature dissociation of the complexes upon interactions with anionic biological components in physiological media. Literature suggests that this free polycation fraction is required to induce endosomal escape through the proton sponge effect and ensure transfection efficiency of the complexes while excessive amounts can impede cellular uptake and induce cytotoxicity depending on polycation type. The stability of the complexes also depends on the chitosan DDA and molecular weight, in agreement with the transfection efficiency and binding affinity dependence on these parameters where increasing DDA or molecular weight increases binding affinity to DNA and thereby complex stability. Increasing chitosan DDA or molecular weight resulted in more stable complexes while decreasing these parameters led to unstable complexes in the presence of heparin.
These findings provide guidelines for the design of effective gene delivery systems where the balance between the polycation-DNA binding strength and the intracellular ability to dissociate complexes and release DNA for gene expression is required.
